We examined three microsatellites in the arginine vasopressin 1a receptor gene (AVPR1a), two in the promoter region (RS1 and RS3) and an intronic microsatellite (AVR), for association with autism as well as scores on the Vineland Adaptive Behavior Scale (VABS), the Autism Diagnostic Interview-Revised (ADI-R) and the Autism Diagnostic Observation Scale-Generic (ADOS-G), measures that are widely used to diagnose autism spectrum disorders. We tested for association between the AVPR1a microsatellites and autism in 116 families (128 probands diagnosed with the ADI-R and ADOS-G using a family-based association test (UNPHASED)). Testing each individual microsatellite showed significant transmission disequilibrium in these families with the AVR intronic microsatellite (UNPHASED: LRS = 11.46, global P-value = 0.009, df = 3). Haplotype analysis of three microsatellites also showed significant association (LRS = 144.94, df = 103, global P = 0.004). Additionally, significant association is observed between these three microsatellite haplotypes and the VABS scores (P = 0.009), with the ADI-R (P = 0.009) and the ADOS-G (P = 0.0000765) diagnoses of autistic disorder versus pervasive developmental disorder-not otherwise specified (PDD-NOS) that were available for 47 of these probands. This is the third consecutive report of an association between the AVPR1a gene and autism spectrum disorders and in the current study a third microsatellite is shown to be associated with autism spectrum disorders as well as haplotypes consisting of all three markers. Importantly, the association appears to be mainly mediated by the role of the AVPR1a gene in shaping socialization skills, similar to its role in lower vertebrates.
Introduction
Autism is one of the most heritable complex disorders, with persuasive evidence for genetic factors. 1 Autistic disorder is viewed as a neurodevelopmental disorder involving three areas of abnormality: impairment in social interaction, impairment in communication and restricted and repetitive patterns of interest or behavior. As is true for many complex traits, autistic disorder is most likely not a distinct, categorical disease but instead probably represents one extreme of a spectrum of social and communication impairment and behavioral deficits.
In lower mammals, the genetics of social behavior has been elucidated in a remarkable series of investigations by Insel and Young 2 and their colleagues, who have detailed the role of two neuropeptides, oxytocin and vasopressin, in the neurobiology of affiliative behaviors as well as pair bonding. A key component in these processes is the arginine vasopressin receptor (AVPR1a) gene whose anatomical distribution, modulated by a tissue-specific promoter, provides the molecular genetic explanation of interspecies differences in social recognition, social memory and their attendant behaviors. 3 Intriguingly, in humans, similar repetitive regions have been identified in the promoter region (RS1 and RS3) as well as in the single intron (AVR), although the role of these repeat regions in receptor expression remains to be elucidated. 4, 5 Recently, two independent reports demonstrated provisional association between microsatellites (RS1, RS3) in the promoter region of AVPR1a and autistic disorder 6, 7 and we observed association between these microsatellites and social behavior in a nonclinical population of university students. 8 These first studies are of special interest because social communication and social interaction are among the core deficits of autistic disorder. Additionally, the location of AVPR1a on chromosome 12q14-15 is also a site for linkage to autistic disorder in at least one genome scan. 7 It is worth considering that in human's, as in rodents, this gene contributes to the genetic underpinnings of the social brain and may contribute to disorders characterized by a deficit in social cognition. Overall, these findings suggest that the AVPR1a gene is a worthwhile candidate for further investigation in autistic disorder, prompting us in the current study to attempt to confirm as well as extend these first findings by gentoyping three microsatellites (two promoter and one intronic) in the AVPR1a receptor gene in 116 families (128 probands) for association with autism using a robust family-based design.
Materials and Methods

Participants
One hundred and twenty-eight probands with autistic disorder (N = 110) or pervasive developmental disorder (PDD) not otherwise specified (NOS) (N = 18) and their parents (114 mothers and 103 fathers were genotyped; for 103 probands, both mother and father were genotyped, and for 11 probands, the father was missing but the mother was genotyped) participated in the study. Families were recruited through treatment centers, special schools, the national organization for children with autism and families of children with autism. Probands with autism (125 male and three female participants) were between the ages of 2.08 and 33.66 years. All probands had a previous diagnosis within the autism spectrum made by independent clinicians. However, for the purpose of this study, two trained clinicians blind to all the other study procedures confirmed the probands diagnosis of autistic disorder or PDD-NOS using the Autism Diagnostic Interview-Revised (ADI-R) 9 and the Autism Diagnostic Observation Scale-Generic (ADOS-G). 10 The ADI-R is a semistructured interview based on DSM-IV criteria for autism. Parents were interviewed with the ADI-R and the Vineland Adaptive Behavior Scales-Interview Edition 11 during one visit. Vineland Adaptive Behavior Scales (VABS): The (VABS) 12 is a structured interview administered to caregiver/s to assess the child's daily living skills on three domains: communication (receptive, expressive and written), daily living skills (personal, domestic and community) and socialization (interpersonal relationships, play and leisure time, and coping skills). Caregivers are asked relevant questions and their answers are noted as to whether the child currently exhibits each described always, never or sometimes. The Vineland has excellent levels of splithalf, inter-rater and test-retest reliability for each domain used in the current work. 12 Probands were evaluated with ADOS-G, an autism diagnostic observation scale, which is a standard diagnostic measure of social and communication deficits associated with the spectrum of autism. Probands were given a diagnosis of autism if they met criteria for autistic disorder on both of the ADI-R and ADOS-G or if they missed a diagnosis of autistic disorder on the ADI-R by one point on any of the first three scales, or if they met cutoff scores for autistic disorder on the first three scales but failed the requirement for evidence for atypical development before age 3 years, yet scored above the cutoff score for autistic disorder on the ADOS-G. Probands were given a diagnosis of PDD-NOS if they met criteria for Autism Spectrum Disorders (PDD-NOS) on the ADOS-G regardless of their ADI-R diagnosis as the ADOS-G overrides the ADI-R.
The probands' level of functioning was assessed using standard intelligence measures selected according to the probands' age and level of functioning (i.e., Wechsler Intelligence Scale for Children, 13 Kaufman Assessment Battery for Children, 14 Bayley Scales of Infant Development, 15 Merrill-Palmer Scale of Mental Tests, 16 Mullen Scales of Early Learning, 17 Measurement of Intelligence of Infants and Young Children, 18 Leiter International Performance Scale 19 or StanfordBinet Intelligence Scale 20 ). All probands tested negatively for fragile-X, and none was known to have any other chromosomal abnormality, tuberous sclerosis or other medical complications.
Control subjects genotyped for the three AVPR1a microsatellites were mainly University students recruited in the framework of ongoing research in our department.
21,22
Genotyping Amplification of the RS1, RS3 and AVR microsatellites was achieved using the following primers, as first described by Thibonnier et al. A ReddyMix master mix was used (Abgene, Surrey, UK) at a magnesium concentration of 1.5-2.5 mM MgCl 2 . The sample was initially heated at 951C for 5 min followed by 30 cycles of 951C (30 s), 551C (30 s), 721C (40 s) and a final extension step of 721C for 10 min. The PCR product was analyzed on an ABI 310 DNA Analyzer. For RS1, nine alleles (308-340) were identified and the distribution of allele frequencies is similar to previous reports. 6, 7 For RS3, 16 alleles (318-350 bp) were identified and the distribution of allele frequencies is similar to a previous report. 5 Arginine vasopressin 1a receptor and autism N Yirmiya et al
Statistical methods
We used the logistic-based variant of the transmission disequilibrium test (TDT), the so-called ETDT, 23 to assess association (and linkage) without confounding effect of population stratification. The TDT, in its simplest version, compares, for one allele, the number of times this allele is transmitted with the number of times in which this allele is not transmitted to an affected offspring. Note that only heterozyguous parents are informative. This approach can be extended to haplotypes. The various tests are implemented in the program UNPHASED (http:// www.rfcgr.mrc.ac.uk/~fdudbrid/software/unphased/). UNPHASED 24 is a suite of programs for association analysis of multilocus haplotypes from unphased genotype data. UNPHASED currently includes the following programs: UNPHASED, graphical front end to the analysis programs; TDTPHASE, TDT and HHRR analysis for nuclear families; COCAPHASE, case/ control data; QTPHASE, quantitative trait in unrelateds; PDTPHASE, pedigree disequilibrium test; and QPDTPHASE, quantitative trait PDT.
Because some markers are microsatellites, with multiple alleles, including some rare alleles, we used a permutation procedure to confirm the asymptotic P-value. This procedure randomly permutes for parental alleles or haplotypes, the transmission and non-transmission status and computed the observed ETDT statistic. The P-value is the number of times a specific observed statistic is observed in N permutations divided by the number of permutations (N).
We also used FBAT 25 (family-based association test) to further validate association findings. FBAT is a broad class of family-based association tests that are adjusted for admixture; use either dichotomous or measured phenotypes; accommodate phenotype-unknown subjects; use nuclear families, sibships or a combination of the two; permit multiple nuclear families from a single pedigree; incorporate di-or multi-allelic marker data; allow additive, dominant or recessive models; and permit adjustment for covariates and gene-by-environment interactions. The test statistic is basically the covariance between a userspecified function of the genotype and a userspecified function of the trait. The distribution of the statistic is computed using the appropriate conditional distribution of offspring genotypes that adjusts for admixture.
Results
Allele frequencies for the three AVPR1a microsatellites in control and subjects with autism are shown in Table 1 .
Using UNPHASED, the transmission data for the AVR intronic microsatellite are shown in Table 2 . The global P-value is significant (P = 0.024; similar results were observed with FBAT using a dominant model: w 2 = 13.059, P = 0.01, df = 4), indicating transmission disequilibrium for this marker. When rare alleles ( < 5%) are dropped using UNPHASED, the global Pvalue = 0.009. No significant global P-value is observed for transmission of either the RS1 or RS3 repeats. Similar results were obtained with FBAT (Table 3) , which also presents the individual allele frequencies for each microsatellite.
However, as shown in Table 4 , haplotype analysis of all three microsatellite markers (RS1, RS3 and AVR) showed overall significance (LRS = 125.562, df = 95, global P = 0.0195 including only certain haplotypes; LRS = 144.946, df = 103, global P = 0.004 including uncertain haplotypes). We used a permutation procedure and confirmed the asymptotic P-value (10 000 permutations, P = 0.004 when uncertain haplotypes are included). These three microsatellites are in moderate linkage disequilibrium (RS1-RS3 global We also examined association between AVPR1a microsatellites and QTL scores on the VABSs and found association with only one of the subscales, the Vineland Communication Domain (Table 5) . We also divided the participants based on their VABS and IQ scores into those with delayed skills (VABS or IQ < 70) versus those with non-delayed skills (VABS or IQ > 70) and based on whether they received a diagnosis of autistic disorder ('affected') or PDD-NOS (so-called 'non-affected' with the severe phenotype of autistic disorder). This full information (VABS, IQ, ADI-R, ADOS-G) was available for only S is the test statistic for the observed number of transmitted alleles. E(S) is the expected value of S under the null hypothesis of no association.
The multi-allelic test generates a global P-value for association between the microsatellites and autism. df = degrees of freedom; w 2 = w 2 -statistic.
47 probands (Table 6) . For all variables, haplotype analysis of the three microsatellites (RS1, RS3 and AVR) gave the most significant results and was highly significant for the ADOS-G (P = 0.0000765) and the ADI-R (P = 0.001) diagnoses of autistic disorder (UN-PHASED 'affected' versus PDD-NOS). Significantly greater genetic information is captured by the haplotypes.
Discussion
The present study confirms and extends two previous investigations 6, 7 showing association between the AVPR1a gene and autism. Kim et al. 6 observed transmission disequilibrium between the RS1 and 115 autism trios and not with the second promoter region microsatellite RS3. Haplotype analysis was not significant. In Wassink et al.'s 7 study, disequilibrium was observed with both promoter region markers but only when the patients were stratified by their language characteristics; significance was observed in the normal language families. In our study, we failed to observe significant association between RS1 and RS3 and autism but observed significant transmission disequilibrium between an intronic microsatellite (AVR), which is in moderate linkage disequilibrium with the promoter region microsatellites. Interestingly, linkage disequilibrium between RS1 and RS3 in the Kim et al. 6 study was stronger (D 0 = 0.76) than observed in the Israeli sample. However, in the current study, haplotype analysis showed significant transmission disequilibrium in autism families when all three microsatellites (two promoter region markers and the intronic microsatellite) were analyzed. Forty-seven of the probands were inventoried on the VABSs 12 and we observed significant association between the AVPR1a gene and scores on this interview. Both QTLs and categorized variables (using a high/low cutoff) were tested for association with these repeat regions, and strongest results were observed with the categorical derivations of these variables. The most significant association observed was between the ADOS-G and the AVPR1a repetitive region haplotypes. Transmission disequilibrium between this gene and the Vineland assessments as well as the ADOS-G diagnoses are of particular interest because these interviews assess daily living and communication skills in autism and AVPR1a is a key gene in lower animals in molding social behavior. We suggest the notion that the association between this gene and social deficits provides a likely molecular genetic and behavioral mechanism by which this receptor contributes risk for autism, similar to its role in determining social communications in the vole. Allelic differences in microsatellites in the promoter and intronic region of this gene may contribute to differential expression of the arginine vasopressin 1a repressor in different brain regions, as discussed recently by Hammock and Young. 3 Despite the fact that human beings belong to a group of highly social mammals with a complex social structure, little is known regarding the underlying genetic architecture of 'the social brain' in man. One notable exception is a single study by Skuse et al. 26 on Turner's syndrome that suggested that an imprinted gene on chromosome X may be coding for 'social adjustment' or social cognition. We have recently observed linkage between the AVPR1a RS1 and RS3 microsatellites and two complex social behaviors in humans, sibling relationships and self-presentation style, 8 and now three independent studies show a link between this receptor gene and autism, a disorder characterized by core deficits in social adaptation. We have also observed an association between the promoter region microsatellites and scores on an eating attitudes scale (EAT-26) in a group of non-clinical subjects, 27 which we suggest is perhaps related to social aspects of eating behavior. 28 The current study focuses attention on social behavior as the likely substrate of this gene's conferring risk in autism. Altogether, new investigations of the AVPR1a gene both in non-clinical subjects and in individuals showing deficits in social behaviors are generating evidence that the vasopressin receptor mediates social behavior in humans perhaps parallel to the well-documented observations in other mammals.
